ABSTRACT: Determining the electronic and geometric structures of photoexcited transient species with high accuracy is crucial for understanding their fundamental photochemistry and controlling their photoreactivity. We have applied X-ray transient absorption spectroscopy to measure the XANES and EXAFS spectra of a dilute (submillimolar) solution of the osmium(II) polypyridyl complex [Os(bpy) 2 dcbpy](PF 6 ) 2 (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) (OsL 2 L′) in methanol at the Os L III edge. We have obtained spectra of superb quality for both the ground state and the photoinduced 3 MLCT excited state that have allowed us not only to extract detailed information about the Os 5d orbitals but also to resolve very small differences of 0.010 ± 0.008 Å in the average Os−N bond lengths of the ground and excited states. Theoretical calculations using a recently developed DFT-based approach support the measured electronic structures and further identify the nature of the molecular orbitals that contribute to the main absorption bands in the XANES spectra.
■ INTRODUCTION
The metal-to-ligand charge transfer (MLCT) excited states of ruthenium and osmium polypyridyl complexes and their derivatives have superior photophysical and photochemical properties, such as intense absorption bands that match a large fraction of the solar spectrum, long excited-state lifetimes, strong luminescence, and highly efficient electron injection to the conduction band of semiconductor nanocrystals. 1−3 Therefore, the MLCT states of Ru and Os transition-metal compounds have versatile applications in solar energy utilization and other fields ranging from molecular electronics and photocatalysis to light-emitting devices and biolabels. 1−8 The MLCT excitation induced by light absorption corresponds to an electron transfer from metal-centered molecular orbitals (MOs) with d character to ligand-centered (LC) MOs with π* character. Because the electronic and geometrical structures of molecular systems are strongly correlated with their functionalities and often govern the outcomes of photoinduced reactions, in-depth structural information on MLCT states is important for the rational design of solar energy devices. Over the past several decades, the MLCT states of Ru compounds have been intensely studied using a wealth of techniques. [1] [2] [3] [4] 6, 9, 10 The recent development of X-ray transient absorption (XTA) spectroscopy has made it possible to directly probe the transient electronic and molecular structures of photoexcited species. 9,11−18 Studies of the transient structure of photoexcited [Ru II (bpy) 3 ] 2+ (bpy = 2,2′-bipyridine) showed a shrinkage of about 0.03−0.04 Å in the average Ru−N bond distance in the MLCT state compared with the ground state. 9, 18, 19 Later on, the same technique was applied to capture the structural changes of Ru(dcbpy) 2 (NCS) 2 (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) dye molecules adsorbed onto a TiO 2 nanoparticle surface accompanying photoinduced electron injection from the dye to TiO 2 . 15 The average Ru−N NCS bond length shortens by about 0.06 Å in going from the ground state to the transient charge-separated state, while the average Ru−N dcbpy bond length remains unchanged.
Compared with their Ru analogues, Os compounds present extra absorption at longer wavelengths that enhances the solar photon absorption efficiency. Figure 1 shows the UV−vis absorption spectra of [Os(bpy) 2 MLCT transition becomes allowed as a result of the strong spin−orbit coupling induced by the 5d electrons, while it is much weaker in the Ru analogues. Studies of a series of Os polypyridyl dyes attached to TiO 2 nanoparticles have shown that they can achieve photoelectrochemical performance similar to that of the efficient Ru dyes. 5, 7, 20 Despite these clear advantages, much fewer studies have been done on Os polypyridyl complexes for solar energy applications. In particular, knowledge about the transient electronic and geometric structures of their photoexcited form is extremely limited from both the experimental and theoretical points of view. The theoretical calculations are fairly intensive because of the relativistic effects induced by the heavy Os atom; the influence of spin−orbit coupling cannot be ignored. In this work, we have applied XTA spectroscopy at the L III edge and density functional theory (DFT) to study the transient 3 MLCT excited state of OsL 2 L′. We have obtained XTA spectra with unprecedented signal-to-noise ratio that have allowed us to determine the internuclear distances of OsL 2 L′ with less than 0.01 Å uncertainty for both the ground and excited states. The information obtained from this study, such as ligand-field splitting strength, orbital energy levels, and local geometric structure, are of fundamental importance not only for Os complexes in dye-sensitized solar cells (DSSCs) but also for general molecular designs in solar energy applications.
■ EXPERIMENTAL SECTION
[Os(bpy) 2 22 were prepared using literature procedures. All of the other chemicals were purchased from Aldrich and used as received.
The XTA measurements used laser "pump" pulses to initiate the MLCT transition of OsL 2 L′ and X-ray "probe" pulses at a certain delay time with respect to the pump pulses to monitor the transient structural changes by X-ray absorption spectroscopy.The XTA measurements were carried out on beamline 11-ID-D of the Advanced Photon Source (APS) at Argonne National Laboratory. The 527 nm, 5 ps full width at half-maximum (fwhm), 1.6 kHz laser pulses given by the second-harmonic output of a Nd:YFL regenerative amplified laser were used as the pump pulses. The X-ray pulses were the singleelectron bunch extracted from the storage ring at 271.6 kHz operated under the hybrid timing mode. The time resolution of the XTA measurements was 160 ps as determined by the fwhm of the X-ray pulses provided by the APS. A detailed experimental description is given in the Supporting Information (SI).
■ RESULTS AND DISCUSSION (1) . XANES Spectra by XTA Spectroscopy. Figure 2a shows the Os L III -edge X-ray absorption near-edge fine structure (XANES) spectra of OsL 2 L′ in methanol with and without laser excitation. The laser-on spectrum was recorded at a 400 ps delay after the laser pump pulse. The intense absorption band corresponds to the dipole-allowed transition from the 2p 3/2 level to the unoccupied 5d orbitals. Therefore, the L III -edge XANES spectra directly measure the occupancy of the metal d orbitals. On the basis of ligand-field theory, the five 5d orbitals of Os split into doubly degenerate e g orbitals and triply degenerate t 2g orbitals in an ideal octahedral coordination environment. In the 1 A 1 ground state, the six 5d electrons occupy the three t 2g orbitals. The so-called white line (B band) in the ground-state spectrum is attributed to the transition from the 2p 3/2 level to the empty e g orbitals. The laser-on spectrum shows an additional absorption band (A′) on the low-energy side of the main band (B′) that indicates an extra 2p → 5d MLCT state, one electron has been transferred from the t 2g orbital to a nearby ligand, leaving a half-filled t 2g orbital. Consequently, the A′ band in the spectrum of the 3 MLCT state corresponds to the 2p → t 2g transition. Figure 2b shows the X-ray transient absorption kinetics measured at the maximum of the 2p → t 2g transition of the 3 MLCT state (10870.7 eV). The inset shows the rise of the difference absorption around time zero, which corresponds to the appearance of the 3 MLCT state. On the basis of these X-ray transient kinetic measurements, the rise of the transient signal takes about 160 ps, which is limited by the duration of the Xray probe pulses. The photoexcited species measured at a 400 ps delay should be mainly in the 3 MLCT state. The kinetic trace was fitted with a single-exponential decay convoluted with a Gaussian function of 160 ps fwhm representing the X-ray pulse width. The lifetime of the 3 MLCT state obtained from the fitting of the kinetic trace is 33 ± 2 ns.
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In order to obtain the pure spectrum of the 3 MLCT excited state, one must know the excited-state fraction at a delay of 400 ps after the laser excitation probed by the X-ray pulses. One significant change after laser excitation is that the Os oxidation state has increased from +2 to +3, resulting in an extra 2p → t 2g transition in the excited state. We measured the static XANES spectra of the two reference compounds [ Figure 2d , the excited-state fraction for the laser-on spectra was determined to be 0.89. Such a high excited-state population is attributable to the combination of a dilute sample (0.8 mM), a high absorption coefficient, and a high photon density per pulse.
The Os L III -edge XANES spectra of the ground state and 3 MLCT excited state were fitted with a sum of an arctangent function for the edge-jump absorption and several pseudoVoigt functions to represent the absorption bands ( Figure 3) . The peak positions extracted from the fitting are listed in Table  1S in the SI. The 4.6 eV energy difference between A′ and B′ directly measures the ligand-field spitting between the e g and t 2g orbitals (denoted as Δ) in the 3 MLCT state. The 2p → e g orbital transition energy is blue-shifted by 0.5 eV from 10874.8 to 10875.3 eV in changing from the (2). EXAFS Spectra by XTA Spectroscopy. Figure 4a ,b shows the extended X-ray absorption fine structure (EXAFS) spectra of 0.8 mM OsL 2 L′ in methanol in k space and the magnitude of the phase-uncorrected Fourier transformed EXAFS spectra in R space. There is no significant difference between the EXAFS spectra of the Table 1 lists the main structural parameters of the Os−N and Os−C α,β shells for both the 1 A 1 and the 3 MLCT states as extracted from the EXAFS data analysis. Detailed analysis can be found in the SI. These high-quality XTA spectra allow us to determine the bond lengths in the ground and excited states with picometer resolution. The average distances between Os and the first-shell nitrogens are 2.066 ± 0.005 Å for the 1 A 1 state and 2.076 ± 0.006 for the 3 MLCT state. The bond-length change is small, and the direction of the change is opposite to , which shows a 0.03−0.04 Å decrease in the 3 MLCT state. 9, 18 The bonding between Ru/Os and N bpy contains two components: the donation of the lone-pair electron density from nitrogen to an empty metal d orbital through σ bonding and electron density donation from a metal d orbital to a ligand π* orbital through π back-bonding. Upon photoexcitation, the metal center of the Ru/Os polypyridyl complex loses electron density, which causes two competing effects on the Ru/Os−N bond order: (1) strengthening of the Ru/Os−N σ bonding and (2) weakening of the π backbonding. In RuL 3 , the first effect is stronger than the second one, so the Ru−N bond length is decreased by ∼0.03−0.04 Å in the 3 MLCT state. In Os compounds, the stronger spin−orbit coupling further splits the three t 2g orbitals, which brings one of them closer to the ligand π* orbital. Johansson et al. 25 investigated the electronic structure of a series of ML 3 2+ complexes (M = Fe, Ru, Os) using photoelectron spectroscopy and observed that one of the t 2g orbitals in OsL 3 2+ is about 0.6 eV closer to the ligand π* orbital than that of RuL 3 2+ . The smaller energy difference between the occupied metal-centered t 2g orbital and the ligand π* orbital of the Os complex increases the π back-bonding effect in comparison with its Ru analogue. Therefore, in OsL 2 L′ the weakening of the π back-bonding in the conversion from the MLCT states using approaches based on the twocomponent relativistic zeroth-order regular approximation (ZORA) implemented in DFT. 28 These calculations also take into consideration the spin−orbit coupling and the hybridization between the Os 5d and ligand orbitals. Unlike calculations using the FEFF and FDMNES programs, this approach does not require the input of the Fermi energy, which is not so easy to define a priori, implying that the shapes of the XANES spectra given by this approach are generally more reliable. 28 On the basis of the calculations, the highest occupied molecular orbital (HOMO) of the 1 A 1 state has electron density localized around Os, while the lowest unoccupied molecular orbital (LUMO) has electron density residing on the ligands (Figure 5a ). Figure 5b shows the calculated Os L III -edge XANES spectra for both the The calculations also provide quantitative information about the geometric structures and the molecular orbital energies. Table 1 compares the main electronic and structural parameters extracted from the experiments and calculations. The average Os−N bond length from the calculations is 2.03 Å for both states, which is 0.03−0.04 Å shorter than those extracted from the TXA measurements. The energy difference between the A′ MLCT photoexcited state using XTA spectroscopy. We have achieved spatial resolution of less than 0.01 Å, allowing us to resolve an average Os−N bond distance change of (0.010 ± 0.008) Å in the excited state. Information regarding the molecular orbital energies, such as the ligand field splitting and absorption band positions, also agree with our DFT-based calculations. The calculations give further insight into the origin of the transitions and reveal how the electron density changes affect the orbital energy levels.
The ability to determine ground-state and transient structures with high accuracy provides new insights into fundamental photochemistry. With the quality of XTA spectra now reaching that of static X-ray absorption spectra, XTA spectroscopy can be used on not only the relatively simple model systems for which extensive photochemical and photophysical knowledge exist but also on general solar energy conversion processes with complex changes of electronic and atomic structures. XTA measurements combined with calculations can provide crucial information for realizing the rational design of molecular systems for efficient solar energy applications.
■ ASSOCIATED CONTENT * S Supporting Information Additional details concerning XTA measurements, XANES and EXAFS data analysis, and DFT-based calculations. This material is available free of charge via the Internet at http:// pubs.acs.org. 
